Abstract-Singular integral equations that determine the exact fields scattered by a dielectric or conducting finite strip on a substrate are presented. The computation of the image of such a scatterer from these fields by Fourier optics methods is also shown.
INTRODUCTION
The simulation of the microscope image of a finite strip on an infinite substrate is based on the solution of the three-dimensional Maxwell equations reduced to singular integral equations. This applies to a line on a wafer as used by the semiconductor industry, often simulated by assuming an infinite line on a substrate [1] , which is a two-dimensional scattering problem. The threedimensional scattering problem is a special case of the scattering by a finite body located in the plane interface of two semi-infinite regions, shown in Fig. 1 . This interface can be deformed near the scatterer to represent imperfections or roughness of the surface.
The homogeneous reflected and refracted fields are determined by the substrate from the incident field in the absence of the scatterer. These plane monochromatic waves do not satisfy the radiation condition at infinity. The total electromagnetic field is decomposed into the sum of homogeneous and scattered fields, which do satisfy the radiation condition at infinity and are expressed in terms of unknown tangential vector fields defined on the interfaces between the homogeneous media, shown in Fig. 1 . Once the integral equations are solved, the electromagnetic fields are obtained by integration. For the two-dimensional configuration the unknown functions diverge at the edges [2] , which we expect to be the case in the three-dimensional problem as well. At the vertices P i the divergences could be worse. The image at a selected focus height is computed from the electromagnetic fields by Fourier methods. 
FIELDS SCATTERED FROM A FINITE BODY IN A PLANE INTERFACE
The homogeneous fields determined for a plane interface are the sum of the incident and reflected fields in
, and in V 2 they are the refracted fields, E h2 ( x) = E refr ( x) and H h2 ( x) = H refr ( x). Each of these fields is defined in all of space. They are combined into ∆ E h = E h1 − E h2 and ∆ H h = H h1 − H h2 . Auxiliary fields that are equal to the scattered fields in V 1 and V 2 and to the total field in V 3 are expressed in terms of the jumps across the boundaries, the surface vector fields η ij and φ ij , where the index i refers to the surface S i and the index j refers to the medium in V j , as shown in Fig. 1 .
The equations for the unknown tangential fields,
The tangential parts of the functionals are defined by
wheren i is the unit normal to S i at x, k is the wave number of the light used in the microscope, and R = x − x , R = | R|,n =n(s ), x ∈ S. The numerical superindices correspond to the surface S where the field point x is located. The computation of the partial derivatives to evaluate the surface divergence ∇ s · φ( x) in the functional M t may be complicated unless the patches into which each surface of the interface is subdivided are uniformly distributed. An alternative is to use a divergence theorem to do an integration by parts, which eliminates the derivatives but makes the integral hypersingular. To eliminate υ 33 and χ 33 we use
The integral equations (1) to (4) are obtained using the boundary conditions and the vanishing of some of the auxiliary fields at the boundaries.
Once the boundary functions are computed by converting the integral equations into algebraic equations by, for instance, the point-matching method, and solving the equations, the scattered fields in V 1 can be computed by integration from
These fields are then added to the reflected fields to construct an image. More details about scattering by a finite body are found in [3] .
FIELDS SCATTERED BY A FINITE STRIP
A special case of the configuration discussed in Section 2 is the finite strip shown in Fig. 2 together with the chosen coordinate system. The interface S 3 is part of the plane at the top of the substrate and the interface S 2 is divided into five parts, S 21 , S 22 , S 23 , S 24 , and S 25 , that form the interface between V 1 and V 3 . The unknowns then are
where h is the height, w is the width, and l is the length of the finite strip.
MICROSCOPE IMAGE SIMULATION
The illumination of the sample in a microscope can be simulated by a series of plane waves with varying directions of incidence and polarization defined by a circle in the back focal plane defined by the illumination numerical aperture. The image is formed by the sum of the intensities of the scattered plus reflected fields of these waves. The fields are calculated at a chosen height y 0 above the substrate, but we can propagate them to a different focus height because each field component satisfies the wave equation. We decompose each wave into Fourier components and keep those that propagate in a direction inside the collection numerical aperture and that are not evanescent waves.
In the three-dimensional case, we fix the distance y from the substrate and define the Fourier transform in the x-and z-coordinates of a function f (x, y, z) to get the hybrid field
The function at an arbitrary height y can be determined from the function and its normal derivative at y 0 by
wheref
The top value corresponds to propagating waves and the bottom value to evanescent waves, that decrease exponentially away from the interface as shown by the first term in Eq. (15). The second term corresponds to incoming and exponentially increasing fields. The former do not contribute to the radiation field and are limited to the induction zone. The latter are unphysical and have to be eliminated by setting the coefficientf 0− (k x , k z ) equal to zero for an imaginary k y . To use Eq. (16) we need to know the electromagnetic field components and the derivatives with respect to y at the height y 0 to determine the fields at an arbitrary height y. We can relate these normal derivatives to the fields and the tangential derivatives using Maxwell's equations. We have
Once the fields are computed at y 0 , the fields at an arbitrary focus height can be computed using Eq. (16) to determine the coefficients in the inverse Fourier transform (15). We limit the components included in the inverse transform to those components that are captured by the lens in terms of the collection numerical aperture. The propagation vectors and the amplitudes of these components are further modified by the magnification of the lens [1] . Once these radiation fields are determined, we obtain the image by adding, for instance, the intensities of the electric fields or the normal components of the Poynting vectors.
CONCLUDING REMARKS
We have extended the methods used to obtain images of infinite lines to finite lines. The main difficulty is the increase of the number of unknowns in each boundary surface, which is now twodimensional. Consequently, it becomes more important to determine the behavior of the unknown functions at edges and corners to take into account the divergences in the numerical integrations. Computer memory and running times are important factors in these simulations.
